In this paper, a new phase difference measurement method is proposed for non-integer number of signal periods based on multiple cross-correlations, which is derived from the error analysis of the correlation method. Firstly, choose three-segment signals with the same centre frequency. Then, the Hilbert transformation is conducted on the selected three-segment signals to make it have 90 degree phase shift. And then, the correlation functions of the selected three signals and its phase shifted signals are computed respectively. Certain properties of correlation and sine functions are adopted to obtain the computational formula of phase difference. Theory analyses show that the measurement accuracy of the proposed method is not affected by whether the signal is in integer periods or not, even if the frequency is unknown. Simulations and comparisons are presented to validate the effectiveness of the proposed method.
INTRODUCTION
Estimation of the phase difference between two noisy versions of the same signal received at two spatially separated sensors has attracted considerable attention in fault diagnosis, direction finding, electric power calibration, source localization and other fields [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In the past three decades, lots of phase difference measurement methods have been proposed to provide good performance [5] [6] [7] [8] [9] [10] . Generalized cross correlator (GCC) [5] is a conventional approach to estimate the phase difference by locating the cross correlation peak of the filtered version of two received signals, and it has been proved that optimum performance can be attained when the signals and noises are Gaussian distributed. However, it shows bias if the correlation length is not in an integer number of period.
In [6] , a quadrature delay estimator (QDE) has been proposed for phase difference estimation based on crosscorrelation method. The technique utilizes the in-phase and quadrature-phase components of one of the receiver output and provides a high-resolution phase-shift estimate. The QDE improves the accuracy of phase difference measurement in high SNR, but it also causes a bias in estimation when calculation with a non-integer number of signal periods. In [7] and [8] , a modified method that utilizes all inphase and quadrature-phase components of the received signals is presented, called the unbiased QDE (UQDE).
The advantage of UQDE is that it shows no bias, even if the correlation length is not in an integer number of period. However, both QDE and UQDE show bias if the introduced phase delay is not exactly π /2, and if the frequency of the signal is unknown, the methods will become invalid. In [9] , the authors present a new method by applying the idea of data extension to make the data length equal or close to integer periods. This method improves the precision of correlation method evidently, but it fails to work if the frequency is unknown. In [10] , a new method based on double correlation is proposed. This method improves the accuracy of phase difference measurement in low SNR, and it works even if the frequency is unknown. However, the disadvantage of this method is that it shows significant bias, if the correlation length is not in an integer number of period.
As is known for correlation methods, the whole data length is usually regarded as the correlation length to calculate the phase difference, which will lead correlation methods fail to work for dynamic phase difference measurement. If the data length is too long, the computational load of the correlation methods will increase a lot accordingly. What's more, most presented methods require a known frequency and the correlation length in an integer number of period. Based on the above analysis, it is important to propose a new method to overcome these problems and make it universality.
In this paper, a new method is proposed to remove the bias for unknown frequency under the non-integer number of signal periods. We firstly choose three-segment signals which have the same centre frequency. Then, conduct the Hilbert transformation on the three-segment signals, and then adopt multiple cross-correlations operation among the signals. The phase difference is obtained by utilizing the properties of correlation and sine functions. We remark that the idea of this method is applicable to deal with other phase difference with unknown frequency, and the proposed method has higher measurement accuracy and stronger antidisturbance capability, even if the number of signal periods is not an integer.
The outline of this paper is organized as follows. Section 2 analyzes the error of correlation method. Then, a new phase difference measurement method for non-integer number of signal periods based on multiple cross-correlations is presented in Section 3. Numerical examples are presented in Section 4 to corroborate the theoretical development and to evaluate the performance of the proposed method. Finally, conclusions are drawn in Section 5.
ERROR ANALYSIS OF CORRELATION METHOD
Two real-valued sinusoids x(t) and y(t) without dc offset may be expressed as:
where A and B are unknown tone amplitudes, ! is the unknown angular frequency, θ 1 and θ 2 are unknown initial phases, N 1 (t) and N 2 (t) are uncorrelated additive white Gaussian noise.
Calculate the correlation in the following range (0, ) kT T + ! , T is the period of vibration signal, and k is a positive integer. Then, the correlation calculations are given as
Our goal is to evaluate the phase difference Δθ between these two sinusoids. Δθ can be given as: 
Equation (5) is the expression of the cross-correlation method. It can be seen from (2) to (4) that if the correlation calculation range is not an integer number of period, the result shows bias. The phase difference calculation error depends on the T ! equal to zero or not.
For discrete-time signals, the integral operation of correlation becomes multiplying and addition operation. The formulas from (2) to (4) can be expressed as ( )
( )
We can see from (6) to (8) that if the correlation calculation is not in one period or integer periods, the result of crosscorrelation method shows bias, and the phase difference calculation error item has 2 times frequency as the vibration signal. When calculate the correlation in integer periods, this error part is zero. Thus, the main reason caused the phase difference error of cross-correlation method is the number of signal periods is not in integer periods.
PROPOSED METHOD
To improve the precision of phase difference measurement with unknown frequency, and remove the bias under the non-integer number of signal periods, a new method is proposed in this paper. The main idea of the proposed method utilizes the Hilbert transformation and multiple crosscorrelations theory.
Firstly, three-segment signals x(n), y(n) and z(n) with the same frequency can be expressed as
Note that the three-segment signals can be easily obtained from the original signals by using short rectangular window. Besides, we can also regard x(n), y(n) and z(n) as three individual signals detected by three transducers.
Then, the Hilbert transformation is conducted on the three-segment signals x(n), y(n) and z(n), which aims to make three-segment signals have 90 degree phase shift, as following.
And then, cross-correlations are computed between x(n), y(n), x'(n), y'(n) and z(n), z'(n) respectively, as following.
( ) 
In idealism condition, the noise signal is not correlated to vibration signal, and noise signal is not correlated to each other. So, (11) can be defined as 
According to (12), we obtain
Utilize the properties of sine functions as following.
[ ]
Therefore, the phase difference ! " can be obtained as
From (17), we conclude that even if the frequency is unknown, the phase difference of the proposed method can be obtained in high accuracy, without known the amplitudes of the segment signals. What's more, the proposed method shows no bias, even if the number of signal periods is not an integer.
The double correlation method presented in [10] can be obtained as
From (18), we can see that it works even if the frequency is unknown. But it shows bias, if the number of signal periods is not an integer.
SIMULATION RESULTS
In this section, simulation experiments are presented to ascertain the performance of the proposed method. The proposed method is compared with cross-correlation method and double correlation method. The performances of the three methods are evaluated in white Gaussian noise with zero mean. We use Root Mean Square Error (RMSE) to evaluate the performance of the three methods, and each RMSE tests from 100 Monte Carlo trials. In simulations, the signal frequency and the sampling frequency are set to 100 Hz and 2000 Hz, respectively. Firstly, we compare the RMSE of the three methods with respect to the SNR, and the SNR varies from 0 dB to 40 dB. Fig. (1) shows the RMSE of the three methods under the integer number of signal periods, such as N=20. While Fig.  (2) shows the RMSE of the three methods under the noninteger number of signal periods, such as N=15.
In Fig. (1) , when the number of signal periods is an integer, the accuracy of the proposed method is superior to cross-correlation method and double correlation method in different SNR, especially in low SNR, because the proposed method adopts the multiple cross-correlations, which markedly decreases the effect of the noises. In Fig. (2) , when the number of signal periods is not an integer, the accuracy of cross-correlation method and double correlation method show serious bias, while the accuracy of the proposed method changes hardly. From Figs. (1 and 2) , we can see that the RMSE curves of the three methods decrease as SNR increases. The RMSE curve of the proposed method locates below that of crosscorrelation method and double correlation method all long, which indicates that the proposed method has higher measurement accuracy and stronger anti-disturbance capability than the other two methods in different SNR. Besides, we can see that cross-correlation method and double correlation method work well only in an integer number of signal periods, while the proposed method is not affected by whether integer periods or not, which indicates that the proposed method has good universality.
In Fig. (3) , we investigate the performance of the three methods against different correlation length. The SNR is fixed at 20 dB. The correlation length ranges 10 to 60. As can be seen, the accuracy of cross-correlation method and double correlation method are affected by correlation length, while the proposed method is not. In other word, the proposed method is not affected by whether integer periods or not, while the other two methods are not.
We can also notice a feature of the proposed method from (17), that it has no bias for number of samples, including being applied to only two samples for each sinusoid. Thus, the proposed method can be applied to calculate dynamic phase difference. This is a peculiarly character which other correlation methods don't have. In Fig. (4) , we just test the dynamic performance of the proposed method, for the other correlation methods cannot track the dynamic phase difference. The SNR and correlation length are set to 20 dB and 2, respectively. We can see that the proposed method works well, and the result validates the dynamic performance of the proposed method.
CONCLUSION
A new phase difference measurement method is presented for non-integer number of signal periods based on multiple cross-correlations in this paper, and the proposed method has three attractive features. First, if the frequency is unknown, the proposed method is also effective. Second, the proposed method shows no bias, even if the number of signal periods is not an integer. Third, the proposed method can be applied to calculate dynamic phase difference, for it has no bias for number of samples, including being applied to only two samples for each sinusoid. The proposed method has higher measurement accuracy and stronger anti-disturbance capability. The simulation results demonstrate the performance of the proposed method. Fig. (4) . Dynamic phase difference estimated by proposed method.
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